ABSTRACT Distributed multiple-input multiple-output (D-MIMO) systems have drawn considerable attention as they can combine the advantages of point-to-point MIMO with distributed antenna system (DAS). However, the performance analysis of D-MIMO system with zero-forcing (ZF) receivers over semicorrelated K fading channels involves special functions, such as Bessel and Meijer-G functions, which do not enable us to further analysis. In this paper, by using moment matching method, we present a new method that use a Gamma distribution to approximate the K distribution (Rayleigh/Gamma distribution). Using the approximate distribution as a starting point, we derive the approximate analytical expressions on the achievable sum rate (ASR), symbol error ratio (SER), and outage probability (OP) of D-MIMO systems operating in semi-correlated K fading channels employing ZF receivers. To get useful insight into implications of system and fading parameters on the performance, the analytical asymptotic approximations on the ASR in high signal-to-noise ratio (SNR) and low-SNR regime are provided, respectively. Finally, we perform the approximate large-system analysis in the high-SNR and provide asymptotic sum rate expressions when the number of antennas at the base station (BS) grows large, and when the number of antennas at both ends grows large with a fixed and finite ratio. It is demonstrated that the proposed approximate expressions accurately match with the analytical expressions, especially for large-system limit.
is introduced to model scattering in MIMO and radar environment [7] , [8] . As for K fading model, the LogNormal distribution of RLN is approximated by the analytically friendlier Gamma distribution. Empirical measurements reveal that the Gamma distribution sufficiently models the shadowing fading and closely approximate the Log-Normal distribution [9] , [10] . The main drawback of K model is that the analytical expressions of achievable sum rate, symbol error ratio (SER), and outage probability performance involve special functions, such as Bessel, Meijer-G, and hypergeometric functions, which hamper further analytical derivations.
Motivated by the aforementioned discussion, we study the approximate performance of D-MIMO systems with semi-correlated K fading channels with ZF receivers by using moment matching method. Herein ZF receivers are adopted for the following reasons: i) ZF receiver can eliminate the interference between antennas of the transmitters; ii) ZF receivers induces lower complexity compared to other receivers, such as successive interference cancelation (SIC) or minimum mean-squared error (MMSE); iii) it is convenient for analytical performance evaluation with ZF receivers. To the best of authors' knowledge, there are relatively few relevant works published in [3] , [4] , and [11] [12] [13] [14] [15] . In [3] , the analytical expressions for upper and lower bound of ergodic capacity of D-MIMO systems with K fading channels are derived, while based on the moment matching method, the approximate performance is not involved. Besides, the correlation and ZF detection are not taken into account in [3] , whilst the two key metrics of symbol error ratio (SER) and outage probability (OP) are not considered either, which are used to characterize the performance for the cases of postmodulation and non-ergodic channels performance, respectively. In the similar case, [4] presents the approximate upper bound for the ergodic capacity of D-MIMO systems with generalized-K fading channels using the moment matching method, yet the correlation, SER, OP and K fading channels are not considered. Gore et al. [11] consider a point-topoint MIMO system operating in correlated Rayleigh fading, while the effects of shadowing and path-loss are not taken into account. In [12] and [13] , the performance of D-MIMO system over K fading channels is investigated, yet the derived expressions involve Bessel and Meijer-G functions, which hinder us to further analyze the effect of fading parameters. Ho and Stuber [14] and Al-Ahmadi and Yanikomeroglu [15] use a single distribution function to approximate the composite function by matching mean and variance, while the analysis is performed for point-to-point MIMO system rather than D-MIMO system. Unfortunately, [3] , [12] , [13] do not yield engineering insights for practical system design, and largescale MIMO, which is known as a disruptive technology for the fifth (5G) generation cellular networks [16] [17] [18] [19] , is not considered in [11] [12] [13] [14] [15] either. In this paper, we derive closedform approximate expressions on the achievable sum rate, SER, and outage probability of D-MIMO system by using the derived approximate distribution function. In addition, we investigate the asymptotic behavior for high and low signal-to-noise (SNR) regimes, respectively. Finally, the asymptotic performance of large-system limit on the achievable sum rate is also studied at the high SNR.
The contributions of this paper are summarized as follows:
(1) We deduce approximate PDF of a Gamma distribution to approximate the composite distribution with the aid of moment matching method, which is extensively used to approximate analysis for wireless communication systems [4] , [20] .
(2) Capitalize on the derived approximate PDF, we commence to derive the approximate expressions on sum rate, SER, outage probability in closed-form of D-MIMO systems over semi-correlated K fading channels. These approximate expressions tighten across the entire SNRs and when the number of base station (BS) antennas grows large. More importantly, the proposed approximations provide engineering insights into the impacts of system and fading parameters on D-MIMO performance for integer parameters.
(3) In order to get intuitive insights into the impact of system parameters on the sum rate, we perform the asymptotic analysis at the high and low SNR regimes. In the high SNR regime, it is demonstrated that the approximate result approaches the analytical sum rate for high SNR and when the number of BS antennas grows large. In the low SNR regime, we explore the asymptotic sum rate by two metrices of the minimum energy per information bit to reliably convey any positive rate and the wideband slope.
(4) With the aid of the proposed sum rate, we investigate the asymptotic sum rate of large-system limit under the cases of fixed average transmit power and fixed total transmit power. It is demonstrated that the proposed approximate expressions on the sum rate match the theoretical results very well. This paper will proceed as follows: Section 2 describes the D-MIMO fading channel model and presents the performance on the achievable sum rate, SER, and outage probability of D-MIMO system over the semi-correlated K fading channel employing ZF receivers. The approximate PDF is derived by matching mean and variance in Section 3. In Section 4, we provide novel approximate analytical expressions for the achievable sum rate, SER, and outage probability along with a detailed high and low-SNR analysis for the achievable sum rate. Section 5 elaborates asymptotic performance on the achievable sum rate of large-system limit at high SNR. The numerical results and the corresponding analysis are presented in Section 6. Section 7 concludes the paper and summarizes the key findings.
As this paper contains many notations, to avoid ambiguity, the reader is referred to Table I for a list of the most frequently used notations.
II. 3D MIMO SYSTEM MODEL A. D-MIMO FADING MODEL
As in [2] , we consider a typical uplink D-MIMO system as illustrated in Fig. 1 , where there are one BS with N r receive antennas and L RAPs each connected to N t transmit antennas (N r ≥ LN t ). Throughout this paper, the following assumptions are adopted: 1) The channel is block fading channel, which means that it remains constant over the block time T and varies independently and identically from one block to another. 2) It is assume that the BS has perfect channel state information (CSI), while all RAPs have no CSI. Thus, the optimum transmission strategy is to transmit independent and equal power signals from each of the LN t transmit antennas. Then the corresponding input-output relationship is
where y ∈ C N r ×1 denotes the receive signal vector at the BS, x ∈ C LN t ×1 represents the transmit signal vector from the L RAPs, P is the total transmit power, n ∈ C N r ×1 is the additive white Gaussian noise (AWGN) with covariance E nn H = N 0 I N r , where N 0 is the noise power.
The diagonal matrix ∈ C LN t ×LN t captures the largescale fading, whose elements are independent and identically distributed (i.i.d.) random variables (RVs), which can be expressed as
Where D l is the distance between the BS and the l th RAP, l = 1, · · · , L, while υ is the path loss exponent, which is a key parameter to characterize the rate of decay of the signal power with distance, taking values in the range of 2 (corresponding to signal propagation in free space) to 6 [6] . Typical values for the path loss are 4 for an urban macro cell environment and 3 for urban micro cell environment. The coefficient ξ l captures large-scale shadowing fading, which follows Gamma distribution as The random matrix H ∈ C N r ×LN t models the smallscale fading, which is assumed to follow a semi-correlated Rayleigh distribution. The expression can be written as
where the elements of matrix H ω are modeled as i.i.d. CN (0, 1) RVs, while R T ∈ R LN t ×LN t is the transmit correlation matrix which can be expressed as (5) where R Tl denotes the correlation matrix between the transmit antennas of the l th RAP for l = 1, · · · , L. It is assumed that the common exponential correlation model is adopted as [22] [
where ρ l ∈ [0, 1] is the transmit correlation coefficient. It is noted that transmit correlation only occurs between antennas of the same RAP since different RAPs are, in general, geographically separated.
B. PERFORMANCE WITH ZF RECEIVERS
In the following, we provide the exact analytical expressions on the achievable sum rate, SER, and outage probability of D-MIMO system with ZF receivers over semi-correlated K fading channels. For convenience of derivation, we define Z = H 1/2 , and the ZF detector is defined as
After ZF detection, the instantaneous received SNR at the l th output is given as
where γ is the average SNR (γ = P/N 0 ). The RV ξ l represents large scale fading coefficient, which follows Gamma distribution ξ l ∼ G (s l , l ) and its PDF is given in (3). For convenience of exposition, we define the RV ζ l as
where ζ l denotes small scale fading coefficient, which follows a complex semi-correlated central Wishart distribution
and its PDF is given as
where ρ l denotes the l th diagonal element of R
−1
T , while (·)! is the factorial of a non-negative integer number.
Combining (3), (8) with (10) , the composite PDF is given as
where Utilizing a similar line of reasoning as in [3] and [13] , the achievable sum rate of D-MIMO system with ZF receivers over semi-correlated K fading channels can be obtained as
where G mn pq [·] is the Meijer's G function, with m,n,p,q being non-negative integers [21, eq. (9.301)].
For
where I = N r −LN t +1 p F q (·) is the hypergeometric function for non-negative integer p and q [21, eq. (9.14.1)]. Similarly, the SER of the the l-th subchannel of the D-MIMO system with ZF receivers over semi-correlated K fading channels can be written as [13] For
where α l and β l are modulation-specific constants, typical values for modulation are 1,1 for BPSK and 2, sin 2 (π/M ) for M-ary PSK [23] .
Moreover, the outage probability of the the l-th subchannel of the D-MIMO system with ZF receivers over semi-correlated K fading channels can be written as [13] For
where γ th is the SNR threshold value. From the aforementioned analysis, it can be observed that the expressions above involve complicated functions such as Bessel, Meijer's G, and hypergeometric functions, which hinder us to further analyze the performance of the D-MIMO system over semi-correlated K fading channels and do not provide engineering insights into the impact of system and fading parameters on D-MIMO performance. To overcome this disadvantage, we pursue a tractable approximate analysis by using the moment matching method.
III. EFFICIENT APPROXIMATION
In this section, we devote to using a PDF to approximate the PDF in (11) through the moment matching method. Herein we consider using the Gamma distribution on account of the following reasons:
(1) The PDF of Gamma distribution is simple and tractable, which allows the use of the closed-form expressions developed in [9] and [15] to approximate shadow and composite fading channels.
(2) The Gamma distributions (G (α, β)) is a special case of generalized Gamma (GG (α 1 , α 2 , β)) distribution with α 1 = α and α = 1, which has been use to approximate Gamma-Gamma distribution [24] , [25] . 1 For convenience of manipulation, we only match the smallscale and shadowing fading. Then, we define z l = ξ l ζ l . Capitalizing on the result of (11), the PDF of RV z l can be evaluated as
Based on (18) and the definition of expectation, the n-th moment of z l can be expressed as
We define χ l ∼ G (ω l , η l ) as a Gamma RV with a shape parameter ω l and a scale parameter η l . Thus, the PDF of χ l can be derived as [26] 
Furthermore, the n-th moment of the Gamma RV χ l can be expressed as [26] 
Combining (19) with (21), the relationships between parameters of the approximate PDF and the composite PDF can be derived by matching the first (mean) and second (variance) moments of the two RVs γ l and χ l as
Solving equations of (22) and (23) with respect to ω l and η l , we can obtain the solutions as
where A l is the amount of fading in wireless fading environment as defined in [6] , which is used to measure the severity of composite fading channel. Therefore, the PDF of the approximate Gamma distribution is re-expressed as
As the previous analysis, we use a Gamma distribution to approach the composite distribution. Capitalizing on the above approximate PDF, we deduce the closed-form expressions of the achievable sum rate, SER, and outage probability of D-MIMO system with ZF receivers over semi-correlated K fading channels in section 4, respectively. VOLUME 5, 2017
IV. APPROXIMATE PERFORMANCE ANALYSIS
In this section, we perform approximate performance analysis of D-MIMO system with ZF receivers by using the derived PDF. To further analyze the effects of the fading parameters on the D-MIMO system, we execute the achievable sum rate analysis in the asymptotically high-SNR and low-SNR regimes. In order to simplify the following manipulations, we use ω l and η l to derive the performance, which are determined by (24) and (25) .
A. APPROXIMATE ACHIEVABLE SUM RATE ANALYSIS
Motivated by the above discussion, we first derive an approximate achievable sum rate of D-MIMO system with ZF receivers over semi-correlated fading channels, which is proposed in the following theorem.
Theorem 1: The approximate achievable sum rate of D-MIMO system with ZF receivers over semi-correlated K fading channels is given as For ω l ∈ Z, we obtain the expression of (28) as
where Ei (·) is the exponential integral function as defined in [21, eq. (8.211.1)].
For ω l / ∈ Z, we obtain the expression of (29) as
Proof: A detail proof is provided in Appendix I. Corollary 1: For i.i.d K fading channels (L = 1, = 1, ρ = 1), the approximate achievable sum rate reduces to
where Note that the derived expressions of the sum rate in theorem 1 and corollary 1 can be simplified, especially for the case of ω l setting as integers. For ω l ∈ Z, the final analytical expressions involve simple functions, which can be more efficiently evaluated and provide practical insights for systems design. However, they do not offer useful insights into the effects of system parameters such as fading parameters and the number of antennas. To this end, the high and low SNR asymptotic analyses are considered, respectively.
Corollary 2: For high-SNRs, the approximate sum rate of D-MIMO system with ZF receivers over semi-correlated K Fading channels is given by
Proof: The proof starts by taking γ large in (43) and applying the integral identity [21, eq.(4.352.1)]
and after some manipulations, we can complete the proof. The result in (31) reveals that the proposed approximate sum rate increases logarithmically with the transmit power and the number of receiver antennas when the SNR is large, which is consistent with the result of [3] . Furthermore, we can also observe that the proposed approximate sum rate also decreases with the transceiver distances. Similar results appear in [18] .
In general, the low-SNR performance analysis of any MIMO channels can be investigated by taking the first order expansion of the sum rate around p u = γ = 0 + . Nevertheless, this approach is vulnerable because it does not reflect the impact of the channel and leads to misleading results in the low-SNR regime. Thus, we explore the low-SNR sum rate via the normalized transmit energy per bit E b /N 0 rather than per-SNR, which is originally proposed in [27] . The approximate sum rate in the low-SNR regime can be expressed as
where
and S 0 are the two key parameters for the low-SNR analysis, which represent minimum normalized energy per information bit to reliably convey any positive rate and wideband slope, respectively.Ṙ A (0) andR A (0) are the first and second derivatives of the approximate sum rate in (46) with respect to SNR γ . We then investigate the low-SNR regime in the following proposition.
Proposition 1: The minimum energy per information bit and wideband of D-MIMO system with ZF receivers over semi-correlated K fading channels are derived, respectively
Proof: The proof is provided in Appendix II. Clearly, the required minimum energy per bit increases with the distances between BS and RAPs while decreases with the parameters ω l and η l . We also note that the wideband slope in (36) is greater than one based on the binomial expansion formula.
B. APPROXIMATE SER ANALYSIS
We then analyze the approximate SER of D-MIMO system with ZF receivers over semi-correlated K fading channels. Based on the generic formula of [23] , the approximate SER of modulation formats (e.g. BPSK, M-ary PSK, M-ary PAM) can be given as
where Q (·) is the Gaussian Q-function as defined in [6] , while α l and β l represent the modulation-specific constants, which are key parameters to characterize modulation model. The values are α l = 1, β l = 1 for BPSK while α l = 2 and β l = sin (π/M ) for M-ary PSK [23] . The approximate analytical expression for the l-th SER is given in the following theorem.
Theorem 2:
The approximate SER of the l-th subchannel of D-MIMO system with ZF receivers over semi-correlated K fading channels is provided as For ω l ∈ Z, the approximate SER is given by (38)
For ω l / ∈ Z, the approximate SER is given by (39)
where c =
. Proof: A detailed proof is given in Appendix III. It is worth noting that the SER decreases with the parameters ω l and η l while increases with the modulation-specific constant α l . More importantly, the approximate analytical expression of SER for {ω l } ∈ Z only involves the simple functions.
C. APPROXIMATE OUTAGE PROBABILITY ANALYSIS
When considering the case of non-ergodic channels such as quasi-static or block-fading, it is appropriate to investigate the outage probability performance of D-MIMO system with ZF receivers over the approximate PDF. The outage probability, P out,l , is defined as the probability that the instantaneous error probability is less than or equal to a specified value that the output SNR falls below a certain specified threshold, γ th
Based on this definition, we investigate the approximate outage probability performance of D-MIMO system with ZF receivers in the following theorem.
Theorem 3: The outage probability of the l-th subchannel of D-MIMO system with ZF receivers over the approximate PDF is derived as For ω l ∈ Z, the approximate outage probability is given by (41)
For ω l / ∈ Z, the approximate outage probability is given by (42)
where γ (α, x) = x 0 t α−1 exp (−t) dt is the lower incomplete Gamma function as defined in [28] .
Proof: The proof is provide in Appendix IV. From theorem 3, we can see that the outage probability is suffered from the effects of the number of RAPs L, the number of antennas of each RAP N t , transmit power γ , the distances D l between BS and RAP, and SNR threshold γ th . The outage probability increases with the parameters L, N t , D l and γ th , while decreases with γ and η l .
V. ASYMPTOTIC SUM RATE ANALYSIS
Recently, large-scale MIMO has demonstrated great potential to provide significant capacity and power savings, and has been known as a disruptive technology for the future 5G wireless communication [17] , [29] . In the following, we pursue a large-system analysis and provide sum rates by using the result of corollary 2.
(i) Fixed L, N t , γ , while N r → ∞: It is quite intuitive that the received SNR grows into infinity when the number of receive antennas grows without bound whilst keeping L, N t , γ fixed. 
Proof: The proof starts by taking N r → ∞ of (31). After some approximate manipulations, we complete the proof of corollary 3.
From corollary 3, we can conclude that the effects of smallscale fading are eliminated with N r → ∞ and fixed L, N t , γ . The similar result can be found in [18] . Moreover, we can also observe that the asymptotic sum rate increase logarithmically with γ and N r , while decreases with D l .
(ii) Fixed L, N t , E u , and N r → ∞, let γ = E u /N r : In this scenario, we can scale down transmit power to γ /N r with no reduction in performance. This is relevant in practice since it is vital not only from a business point of view but also to address environment and health concerns.
Corollary 4: For D-MIMO composite fading channels, as N r grows into infinity with fixed L, N t , E u , the asymptotic approximate sum rate approaches
Proof: Starting by taking N r → ∞ of (31) and γ = E u /N r , we can conclude the proof after some approximate manipulations.
Through corollary 4, we can observe that as the number of receiver antennas grows to infinity, the transmit power of each RAP can be cut proportionally to 1/N r without loss of performance. The same result is proposed in [18] and [19] . Besides, we can find that the asymptotic approximate sum rate tends to a deterministic constant when the number of the receive antenna grows into infinity.
(iii) Fixed L, N t , γ , κ, and N r , L → ∞, letting κ = N r /LN t : This asymptotic scenario is significant in theory and practice since N r is large but not much greater than LN t . Note that this scenario consists two separate cases: i) fixed N t while L → ∞ and ii) fixed L while N t → ∞. The two cases receive similar results. Therefore, we only take the case i) into account.
Corollary 5: For D-MIMO composite fading channel, when the numbers of N r and L grow into infinity with a fixed ratio N r /(LN t ) ≥ 1, the asymptotic approximate sum rate tends tō
Proof: The proof starts by taking N r , L → ∞ of (31) and substituting κ = N r /LN t into (31), then we can obtain (45) 
, the tuple in the legend represents N r , ρ , SR and ASR represent sum rate and approximate, respectively).
after appropriate simplifications. We can conclude the proof of corollary 5.
The result of corollary 5 reveals that the asymptotic approximate result increases linearly with the number of RAPs and logarithmically with transmit power γ and κ. This result is identical with the result of [19] .
From corollary 3, 4, and 5, we can conclude some common characteristic: First, the effect of small-scale fading can be canceled for large number of receive antennas. Second, the proposed sum rate increases with the numbers of transceiver antennas and the transmit power while decreases with the transceiver distances.
VI. NUMERICAL RESULTS
In this section, some numerical results are provided to validate the accuracy of our analysis in section 4 and section 5. Through this section, it is assumed that there are L = 3, N t = 2 in all simulated settings.
In Fig. 2 , we compare the proposed approximate sum rate of (28) with the analytical sum rate of [13, eq. (13)] for different transmit correlation coefficient ρ l = 0.3, 0.8. In this simulation, we set N r = 12, 24, 60
It can be readily observed from Fig. 2 that the proposed approximate sum rate is sufficiently tight across the entire SNR range of interest for different value of ρ l , especially when the number of receive antenna is N r = 60, thereby validating the correctness of the proposed approximate expressions. The figure shows that adding more receive antennas significantly stabilizes the MIMO link by improving the receive diversity and reducing the noise enhancement effect. Further, for large N r , the proposed approximate sum rate becomes almost exact with the analytical sum rate. In addition, Fig. 2 also indicates that FIGURE 3 . Sum rate and approximate sum rate for high SNR (N r = 12, 24, 60
, the tuple in the legend represents N r , ρ , SR and ASR represent sum rate and approximate sum rate, respectively).
FIGURE 4. Simulated SER and approximate SER versus SNR
5, the tuple in the legend represents N r , l , ASER and l represent approximate SER and the l -th subchannel, respectively).
spatial correlation limits the advantages of D-MIMO system due to the reduced diversity.
Comparisons between the approximate sum rate (31) and the analytical sum rate of [13, eq. (16) ] at high SNR with different values of ρ are presented in Fig. 3 . For the sake of simplicity, the parameter settings are the same as Fig. 2 . As anticipated, the match between approximate sum rate and analytical sum rate becomes more excellent for the high SNR and when the number of antennas grows large. At high SNR, the sum rate performance increases linearly with SNR. As similar with Fig 2, the sum rate decreases with the value ρ l due to the reduced diversity. 
, γ th = 1, the tuple in the legend represents N r , l , OP, AOP and l represent outage probability, approximate outage probability and the l -th subchannel, respectively)).
different BS antennas N r . In this simulation, the parameters are set as follows: 2 In addition, all subchannels are using QPSK modulation with modulation parameters α = 2, β = 0.5. The figure indicates that the difference between approximate SER and the analytical SER is about 0.8 dB for N r = 12. When N r = 60, the approximate expression in (38) almost coincides with the analytical expression of [13, eq. (40) ].
In Fig. 5 , the individual subchannel approximate outage probability in (41) and analytical outage probability in [13, eq. (49) ] against the SNR for a fixed threshold γ th = 1 is addressed. It is noted that the settings of parameters in Fig. 5 are the same as that of Fig. 4. From Fig. 5 , we can observe that the gap between the proposed approximate expression in (41) and the analytical expression in [13, eq.(49) ] decreases as N r gets large. For instance, when N r = 12, there is about 1.76 dB between the (41) and [13, eq.(49) ]. However, when N r = 60, the difference is about 0.11 dB. Thus, there is a sufficient agreement between the proposed approximate expression and the analytical expression for N r = 60. In addition, the 5th subchannel correspond to the pessimistic performance due to the highest transceiver distance and the strongest path loss.
In Fig. 6 , we analyze the proposed approximate sum rate versus the number of receive antennas N r for the case of P = 30 dB and P/N r = 30 dB, respectively. For P = 30 dB, the approximate sum rate and the analytical sum rate increase logarithmically with the value N r , and the FIGURE 6. Simulated sum rate, approximate sum rate and asymptotic sum rate versus the number of receive antennas
approximate sum rate is sufficiently tight for arbitrary number of receive antennas N r . For P/N r = 30, the performances of approximate sum rate and the analytical sum rate converge to a deterministic constant when the number of receive antennas N r grows into infinity. More importantly, we can observe that the curves of the asymptotic approximate sum rate and the approximate sum rate overlap with the analytical sum rate.
VII. CONCLUSION
In this paper, we investigate the approximate performance of D-MIMO system with ZF receivers over semi-correlated K fading channels. First, we approximate the composite distribution with a Gamma distribution employing moment matching method. Then, we derive the novel approximate expressions for the achievable sum rate, SER and outage probability of the D-MIMO systems with ZF receivers by using the derived distribution function. In parallel, we present the tractable closed-form approximations in the asymptotically high and low SNR regimes. It is demonstrated that the derived expressions become extremely exact across the entire SNRs for large value N r . Based on the approximate sum rate, we pursue the large system analysis at high SNR. Through the previous analysis, we can conclude that the approximate Gamma distribution derived by the moment matching method relatively approaches the composite distribution, and the derived expressions provide the engineering insights for practical system design. However, this approximate analysis is only applicable to integer parameters. How to tame the approximate analysis for non-integer parameters is left to the future work.
APPENDIX I PROOF OF THEOREM 1
Proof: The proof starts by using the PDF of RV χ l to approximate the PDF of RV z l . Thus, the achievable sum rate can be expressed as
The above expression can be further re-written in integral form as
Substituting (19) into (44), we can obtain
For ω l ∈ Z, we can obtain the final expression by adopting the result of [30] 
and ζ l = ω l − 1 into (49), we can obtain the result of (27) .
For ω l / ∈ Z, we use the following integral identity as [31, eq. (2.6.23.4)]
Substituting (47) into (45), the achievable sum rate of (45) can be further re-expressed 
Substituting (52), (53), (54) into (51), formula (51) can be further simplified as 
